1. Introduction {#s0005}
===============

Trans plasma membrane electron transport (tPMET) has been implicated in physiological functions such as cell growth, iron metabolism, cell signaling, and protection of the cell from reactive oxygen species and bacteria [@bib1], [@bib2], [@bib3], [@bib4]. tPMET has also been implicated in the pathogenesis of cardiovascular disease, cancer, neurodegenerative diseases, as well as pulmonary disease [@bib5], [@bib6], [@bib7], [@bib8], [@bib9].

One of the primary examples of enzyme-mediated tPMET is catalyzed by NADPH oxidases (NOXs). These enzymes utilize intracellular NADPH to reduce extracellular oxygen to superoxide as the mode for tPMET [@bib10]. Previous research has shown that a muscle cell line, primary mouse myotubes, and isolated skeletal muscle tissue are capable of tPMET [@bib11]. Further, cultured muscle cells are capable of shuttle-based tPMET through the export of ascorbate, and this process is glucose-dependent [@bib11], [@bib12]. Additionally, the addition of superoxide dismutase in the culture medium suppressed tPMET in muscle cells, suggesting that superoxide could play a role in tPMET in muscle cells [@bib12].

Since tPMET has been hypothesized to be a universal system among living organisms and has been implicated in cell signaling, protection of cells from ROS, and disease pathogenesis, an objective of this study was to characterize glucose-dependent tPMET. We hypothesized that glucose-dependent NOX activity could alter intracellular signaling pathways. Here, we show that tPMET is a glucose-sensing process utilizing the pentose phosphate pathway and NADPH oxidases, and we demonstrate a novel NOX-dependent glucose sensing pathway leading to phosphorylation of p70^S6k^.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

C2C12 myoblasts, a mouse muscle cell line, and L6 myoblasts, a rat muscle cell line, were obtained from American Type Culture Collection (Manassas, VA, USA). Dulbecco\'s modified Eagle\'s medium-low glucose (DMEM), phosphate buffered saline (PBS), penicillin-streptomycin, trypsin-EDTA, phenazine methosulfate (PMS), [D]{.smallcaps}-glucose, pyruvate, superoxide dismutase (SOD), 2-deoxy-[D]{.smallcaps}-glucose (2DG), dehydroepiandrosterone (DHEA), (2E)-3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), 1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM), diphenyleneiodonium (DPI), N,N′-dimethylthiourea (DMTU), 4-hydroxy-TEMPO (Tempol), and glucose oxidase were purchased from Sigma Aldrich (St. Louis, MO, USA). FetalPlex animal serum complex was purchased from Gemini Bio-Products (Woodland, CA, USA). Horse serum was purchased from Gibco Technologies (Gaithersburg, MD, USA). 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt (WST-1) was purchased from Accela ChemBio Inc (San Diego, CA, USA). GKT137831 was purchased from Selleck Chemicals (Houston, TX, USA). GSK2795039 was purchased from ChemScene (Monmouth Junction, NJ, USA). Mn(III)tetrakis(4-benzoic acid)porphyrin chloride (MnTBAP) was purchased from EMD Biosciences, Inc (San Diego, CA, USA). Primary antibodies against phospho-AKT (Ser473), phospho-AKT (Thr308), AKT, phospho-p70 S6K, p70 S6K, phospho-p38, p38, phospho-p42/44, and GAPDH (conjugated to horseradish peroxidase \[HRP\]) were obtained from Cell Signaling Technologies, Inc (Danvers, MA, USA). NOX1 primary antibody was purchased from Invitrogen (Carlsbad, CA, USA). NOX2 primary antibody was purchased from Sigma Aldrich (St. Louis, MO, USA). NOX4 primary antibody was purchased from Millipore (Burlington, MA, USA). HRP-conjugated goat-anti-rabbit and goat-anti-mouse secondary antibodies were obtained from Thermo Scientific (Rockford, IL, USA). Nitroblue tetrazolium salt (NBT) was purchased from Thermo Fisher Scientific (Rockford, IL, USA). Calcium green-1AM was purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Animals {#s0020}
------------

Male C57 Black 6 mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). The mice were housed in a temperature-controlled environment with a 12-h light-dark cycle as well as food and water freely available. Mice were anesthetized using pentobarbital (50 mg/kg, IP), and brain, heart, kidney, liver, tibialis anterior (TA), soleus (SOL), and extensor digitorum longus (EDL) were harvested and frozen with clamps cooled in liquid nitrogen for use in NOX expression and activity. Procedures using live animals were approved by the Saint Louis University Institutional Animal Care and Use Committee (IACUC approval number 2453).

2.3. Cell culture {#s0025}
-----------------

C2C12 myoblasts were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% FetalPlex and 1% penicillin-streptomycin at 37 °C with 5% CO~2~ [@bib11]. Myoblasts were seeded into 12-well plates or the first six rows of 96-well plates. Once 90% confluence was reached, the myoblasts were differentiated to myotubes with DMEM supplemented with 2% horse serum and 1% penicillin-streptomycin. The same procedure was utilized to culture L6 myoblasts, except they were seeded in 6-well plates before differentiation.

2.4. WST-1 assay {#s0030}
----------------

The WST-1 reduction protocol follows the methods presented by Kelly et al. [@bib12]. Briefly, 96-well plates with myotubes in the first six rows were washed with PBS. An assay solution containing 5 mM glucose, 400 μM WST-1, and 20 µM PMS in HEPES buffered saline (HBS: 20 mM HEPES sodium salt, 140 mM sodium chloride, 5 mM potassium chloride, 2.5 mM magnesium sulfate, and 1 mM calcium chloride) [@bib13] was added to the entire plate, as the last two rows without cells were used to monitor any background reaction. Absorbance was monitored every ten minutes for one hour at 438 nm in a Powerwave X-1 spectrophotometric plate reader (BioTek, Winooski, VT, USA). Then, the myotubes were washed with PBS, and a bicinchoninic acid (BCA) protein assay was performed with bovine serum albumin standards (Thermo Scientific, Rockford, IL, USA).

To determine the fraction of WST-1 reduction that was attributable to various metabolic pathways, enzymes or inhibitors were added to the WST-1 solution. For example, to assess the contribution of superoxide to tPMET, SOD was added to the WST-1 solution in concentrations ranging from 0 kU/mL to 250 kU/mL. Another assay included 5 mM 2DG to determine whether hexokinase supports tPMET. When monitoring other metabolic contributors to tPMET, cells were pretreated in differentiation media supplemented with GKT137831 (0--100 μM), GSK2795039 (0--100 μM), DHEA (200 µM), 3PO (10 µM), or sodium fluoride (2 mM) for one hour. The WST-1 assay was performed in the presence or absence of the inhibitor. When glucose-dependence was monitored, 2 mM pyruvate was used in lieu of glucose during the WST-1 reduction assay.

2.5. Effects of glucose {#s0035}
-----------------------

C2C12 myotubes were washed with PBS and pretreated in HBS supplemented with either 2 mM sodium pyruvate or 5 mM glucose at 37 °C with 5% CO~2~. On ice, the cells were washed with PBS twice and harvested with lysis buffer (50 mM HEPES pH 7.4, 150 mM sodium chloride, 10% glycerol, 1% Triton X-100, 1.5 mM magnesium chloride, 1 mM EDTA, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 2 mM sodium orthovanadate, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 0.5 μg/mL pepstatin, and 0.2 mM phenylmethylsulfonyl fluoride) [@bib14]. Lysates were centrifuged for 10 min at 12,000 rpm at 4 °C. The pellet was discarded, and the protein in the supernatant was quantified with a BCA protein assay and prepared in Laemmli sample buffer containing dithiothreitol for western blot analysis. When monitoring the effect of enzymes or inhibitors, cells were treated with 60 kU/mL SOD, 100 kU/mL catalase, or 20 µM DPI in addition to 2 mM pyruvate or 5 mM glucose. Cells were pretreated with 100 µM MnTBAP, 5 mM DMTU, or 1 mM Tempol for 1 h in differentiation media at 37 °C prior to treatment of cells with 2 mM pyruvate or 5 mM glucose in HBS. To determine the effect of the presence or absence of glucose on insulin signaling, cells were incubated for one hour in medium containing either glucose or pyruvate and then exposed to 5 nM insulin for 20 min. When monitoring the effect of extracellular peroxide on intracellular signaling, cells were treated in HBS supplemented with 5 mM glucose in the presence or absence of 50 mU/mL glucose oxidase, which generates hydrogen peroxide, for 15 min.

2.6. Western blot {#s0040}
-----------------

Frozen mouse tissue sample was homogenized in lysis buffer (50 mM HEPES pH 7.4, 150 mM sodium chloride, 10% glycerol, 1.5 mM magnesium chloride, 1 mM EDTA, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 2 mM sodium orthovanadate, 10 µg/mL aprotinin, 10 µg/mL leupeptin, 0.5 µg/mL pepstatin, and 0.2 mM phenylmethylsulfonyl fluoride) [@bib11] with 0.5 mm zirconium oxide beads (Midwest Scientific, St. Louis, MO, USA) in a bullet blender (Next Advance, Averill Park, NY, USA). After homogenization, 1% Triton X-100 (final concentration) was added to the tissue samples. C2C12 and L6 myoblasts were harvested on ice in lysis buffer with 1% Triton X-100. Protein of tissue and whole cell homogenate was then quantified using BCA protein assay. Samples were prepared in Laemmli sample buffer plus dithiothreitol, except that samples analyzed for NOX4 were prepared in Laemmli sample buffer without dithiothreitol. Samples were run on 4--20% polyacrylamide SDS gels from Bio-Rad (Hercules, CA, USA), Expedeon Inc RunBlue (San Diego, CA, USA), and GenScript (Piscataway, NJ, USA). Invitrogen 3--8% Tris-Acetate gels were utilized to analyze NOX1 and NOX2 protein. Protein was then transferred to nitrocellulose membranes (Thermo Scientific, Rockford, IL, USA). For native gel electrophoresis, homogenized mouse tissue and whole cell lysate were prepared with 2x native sample buffer (62.5 mM Tris-HCl pH 6.8, 40% glycerol, 0.01% bromophenol blue) [@bib15] and run on 7.5% resolving and 4% stacking native gels. The gels were incubated in 2% SDS for 1 h prior to transfer. Membranes were blocked in 5% milk in Tris-buffered saline with 0.1% Tween (TBST). Membranes were then incubated with primary antibody, followed by secondary antibody and imaged using chemiluminescence (Midwest Scientific, St. Louis, MO, USA). Membranes were quantified using ImageJ software (National Institute of Health, Bethesda, MA, USA).

2.7. Native gel NADPH oxidase activity assay {#s0045}
--------------------------------------------

Homogenized mouse tissue and whole cell lysate were prepared with 2x native sample buffer, as described above, and were run on 7.5% resolving and 4% stacking native gels. Gels were then incubated in NBT solution (50 mM Tris-HCl, pH7.4, 100 µM magnesium chloride, 1 mM calcium chloride, and 0.2 mM NBT) [@bib16] for 20 min protected from light. After 20 min, 200 µM NADPH was added, and the gels were incubated for one hour protected from light, or until blue precipitate bands formed. The addition of 50 µM GKT137831 or 20 µM GSK2795039 was utilized to monitor roles of specific isoforms of NOX enzymes. The gels were washed in diH~2~O three times after the formation of precipitate bands and imaged using ThermoFisher Scientific iBright FL1000.

2.8. Calcium green assay {#s0050}
------------------------

In a 96-well plate of C2C12 myotubes, cells were washed with PBS. The cells were then pretreated for 30 min at 37 °C in PBS supplemented with 5 mM glucose and 4 μM calcium green-1AM, and some cells were also incubated with 30 μM BAPTA-AM [@bib13], [@bib17] as a negative control. Cells were then washed in PBS and incubated in HBS supplemented with 5 mM glucose or 2 mM pyruvate as well as in the presence or absence of 60 U/mL SOD. Calcium green-1AM fluorescence was monitored for one hour in a BioTek FLx800 microplate fluorescence reader with an excitation of 485 nm and emission of 528 nm.

2.9. Statistical analysis {#s0055}
-------------------------

Statistical analysis was performed with Rstudio software (Boston, MA, USA). An ANOVA with repeated measures was utilized to analyze WST-1 assays, and ANOVA was employed to analyze western blots with Tukey Honest Significant Difference (HSD) post hoc tests (α-level = 0.05).

3. Results {#s0060}
==========

3.1. tPMET in C2C12 myotubes {#s0065}
----------------------------

To assess the role of superoxide in tPMET, we utilized SOD, which catalyzes the partitioning of superoxide into oxygen or hydrogen peroxide. As shown in [Fig. 1](#f0005){ref-type="fig"}, C2C12 myotubes were able to reduce WST-1 in the absence of SOD, indicating that the myotubes are capable of transporting electrons to the extracellular media. Upon addition of SOD to the extracellular media, WST-1 reduction was significantly decreased, indicating that superoxide production is the primary mechanism of tPMET in C2C12 myotubes. There appears to be a dose dependent decrease of WST-1 reduction in the presence of SOD that was nearly maximal with 60 U/mL SOD. Therefore, the concentration of 60 U/mL was used in subsequent procedures.Fig. 1**Superoxide dismutase suppressed the reduction of WST-1.** tPMET was monitored using 400 μM WST-1 and 20 μM PMS in HBS supplemented with 5 mM glucose. SOD (0--250 U/mL) was added to the extracellular media, and absorbance was monitored for 60 min (N = 12/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 0 U/mL, †p \< 0.05 vs 50 U/mL, ‡p \< 0.05 vs 50, 100, and 150 U/mL.Fig. 1

In C2C12 myotubes, it was previously reported that NOX isoforms 1, 2, and 4 are expressed [@bib18]. When the NOX1/4 inhibitor GKT137831 was added to the extracellular media, there was a significant suppression of WST-1 reduction, with the maximum reduction around 50 µM ([Fig. 2](#f0010){ref-type="fig"}A). When NOX2 inhibitor GSK2795039 was added to the extracellular media, there was no suppression of WST-1 reduction up to 100 µM ([Fig. 2](#f0010){ref-type="fig"}B). This indicates that NOX isoform 1 or 4 is responsible for the production of electrons that reduce WST-1 and not NOX isoform 2. To verify the WST-1 reduction results, a native gel NADPH oxidase activity assay was performed. This assay detects superoxide by its reduction of NBT to a blue precipitate. In the presence of NADPH and without the addition of an inhibitor, NBT was reduced by all tissue and cell samples ([Figs. 2](#f0010){ref-type="fig"}C, [2](#f0010){ref-type="fig"}D). In the presence of GKT137831 there was suppression of NBT precipitate formation in all tissue samples ([Fig. 2](#f0010){ref-type="fig"}C). In the presence of GSK2795039, though, there was no inhibition of the formation of NBT precipitate ([Fig. 2](#f0010){ref-type="fig"}D). This further verifies that either NOX1 or NOX4 is involved in the production of superoxide in C2C12 myotubes.Fig. 2**A NOX1/4 inhibitor suppresses the tPMET and superoxide production A.** NOX1/4 inhibitor GKT137831 (GKT) was added to the extracellular media containing 400 μM WST-1, 20 μM PMS and 5 mM glucose in HBS, and absorbance was monitored for 60 min (N = 12/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 0 μM, †p \< 0.05 vs 5 μM, ‡p \< 0.05 vs 10 μM. **B.** NOX2 inhibitor GSK2795039 (GSK) was added to the WST-1 reaction media, and absorbance was monitored for 60 min (N = 18/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 0 μM**. C.** NADPH oxidase activity in native polyacrylamide gels was monitored by reduction of NBT in the presence or absence of 50 μM GKT. **D.** NADPH oxidase activity in the presence or absence of 20 μM GSK. C2C12 = mouse muscle cell line, L6 = rat muscle cell line, TA = Tibialis anterior, SOL = Soleus, EDL = Extensor digitorum longus.Fig. 2

Since the IC~50~ of GKT137831 toward NOX1 and NOX4 is similar (0.14 µM for NOX1 and 0.11 µM for NOX4) [@bib19], we could not establish which isoform is involved in the mechanism of tPMET by means of a dose-response curve. Thus, we assessed which NOX isoforms are present in muscle cells. As shown in [Fig. 3](#f0015){ref-type="fig"}, NOX1 and NOX2 proteins were present in C2C12 myotubes, while NOX4 protein was absent. The presence of NOX1 but not NOX4 was further verified by western blot analysis after native gel electrophoresis ([Fig. 3](#f0015){ref-type="fig"}C). In conjunction with the WST-1 assays and native gel activity assays ([Fig. 2](#f0010){ref-type="fig"}), the data show that NOX1 is the primary source of reactive oxygen species for this mechanism of tPMET in C2C12 myotubes.Fig. 3**C2C12 myotubes contain NOX1 and NOX2, but not NOX4 protein. A.** Western blot of NOX1 and NOX2 isoforms in C2C12 myotubes. Brain, heart, kidney, liver, tibialis anterior (TA), rat muscle cell line (L6), soleus (SOL), and extensor digitorum longus (EDL) **B.** Western blot analysis of NOX4 isoform. **C.** Western blot analysis to determine the presence of NOX1 and NOX4 after native gel electrophoresis.Fig. 3

Previous data in our lab has shown that tPMET is dependent upon facilitative glucose transporter 1 (GLUT1) and not GLUT4 [@bib11]. To further understand the role of glucose in the mechanism of tPMET, we looked at reduction of WST-1 by cells incubated with various concentrations of glucose. As shown in [Figs. 4](#f0020){ref-type="fig"}A and [4](#f0020){ref-type="fig"}B, reduction of WST-1 by C2C12 myotubes is almost completely suppressed by the absence of glucose. Thus, although there are multiple mechanisms for tPMET [@bib10], the majority of tPMET under basal conditions in myotubes appears to be glucose-dependent. As shown by the scatterplot inset of [Fig. 4](#f0020){ref-type="fig"}A, there was a statistically significant positive correlation between WST-1 reduction and 1--5 mM glucose (r = 0.3, p = 0.04). The addition of glucose after preincubation in glucose-free medium (with 2 mM pyruvate) could rescue this suppression of WST-1 reduction ([Fig. 4](#f0020){ref-type="fig"}C). When pyruvate and glucose were both present in the reaction solution, there was an increase in WST-1 reduction compared to glucose alone ([Fig. 4](#f0020){ref-type="fig"}D). This could suggest that in the presence of pyruvate, glucose is entering the pentose phosphate pathway (PPP) rather than glycolysis.Fig. 4**tPMET is a glucose-sensitive process. A.** 0--7 mM glucose was added to the WST-1 reaction media. 2 mM pyruvate was added in the absence of glucose. WST-1 reduction was monitored for 60 min (N = 9/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 5 mM glucose. Correlation analysis is shown by the scatterplot inset (r = 0.3, p = 0.041) **B.** Similar to A, except glucose concentrations varied from 0 to 15 mM (N = 9/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 5 mM glucose **C.** Myotubes were pretreated with 2 mM pyruvate. WST-1 reaction media containing either 5 mM glucose or 2 mM pyruvate was added and the absorbance was monitored for 60 min (N = 36/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05. **D.** Myotubes were pretreated with ± pyruvate and ± glucose prior to the addition of WST-1 reaction media containing the same conditions. WST-1 reduction was monitored for 60 min (N = 18/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 5 mM glucose at specific time point.Fig. 4

Whether glucose enters the PPP or glycolysis, glucose is first phosphorylated by hexokinase after it is taken up into the cell. In the presence of 2DG, an allosteric inhibitor of hexokinase via its intracellular accumulation as 2DG-6-phosphate, WST-1 reduction was significantly suppressed to levels similar to WST-1 reduction by cells incubated with pyruvate instead of glucose ([Fig. 5](#f0025){ref-type="fig"}). This suggests that hexokinase and the phosphorylation of glucose are involved in the mechanism of tPMET.Fig. 5**2-deoxy-[D]{.smallcaps}-glucose suppresses WST-1 tPMET.** WST-1 reaction media was supplemented with 5 mM 2-deoxy-[D]{.smallcaps}-glucose (2DG), 5 mM glucose, or 2 mM pyruvate and absorbance was monitored for 60 min (N = 24/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs 5 mM glucose at specific time point.Fig. 5

To further explore whether the PPP or glycolysis is involved in the mechanism of tPMET, we utilized DHEA, which inhibits glucose 6-phosphate dehydrogenase (G6PD) of the PPP [@bib20] and two glycolytic inhibitors: 3PO which inhibits phosphofructokinase, the third step in glycolysis, and sodium fluoride which inhibits enolase, the ninth step of glycolysis [@bib21]. Upon the addition of DHEA, WST-1 reduction was significantly suppressed, but when the glycolytic inhibitors were added, there was no significant impact on WST-1 reduction ([Fig. 6](#f0030){ref-type="fig"}A and B). This indicates that the PPP, rather than glycolysis, is involved in the process of tPMET in C2C12 myotubes.Fig. 6**tPMET relies on the pentose phosphate pathway A.** Myotubes were pretreated with 200 μM DHEA for 1 h. The WST-1 assay was then performed in the presence of the inhibitor and absorbance was monitored for 60 min (N = 36/group). Error bars represent standard error of the mean. ANOVA with repeated measures was performed \*p \< 0.05 vs control at specific time point. **B.** WST-1 assay was performed similar to A, except 10 μM 3PO or 2 mM sodium fluoride was utilized (N = 18/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs (-) Inhibitor.Fig. 6

Taken together, the data suggest a model in which glucose enters C2C12 myotubes through GLUT1 and is phosphorylated by hexokinase to G6P, after which G6P enters the PPP with resultant NADPH production. Electrons from NADPH are then used by NOX1 enzymes to produce superoxide as the main mechanism of tPMET.

3.2. Determining a functional role of tPMET in C2C12 myotubes {#s0070}
-------------------------------------------------------------

Previous literature has shown that superoxide and reactive oxygen species can play a role in signal transduction. We next sought to determine a functional role of tPMET and determine if the production of ROS plays a role in cell signaling. First, the role of tPMET in insulin signaling was explored through western blot analysis. In the absence of glucose, there was no significant difference in phosphorylated-AKT levels compared to the presence of glucose. This indicates that superoxide produced by tPMET in the presence of glucose does not activate insulin signaling ([Fig. 7](#f0035){ref-type="fig"}A).Fig. 7**AKT, the MAP kinases p38 or p42/44 (ERK1/2), and cytosolic calcium concentrations are unaffected by absence of glucose. A.** Western blot analysis of the levels of phosphorylated AKT (Ser473 and Thr308) for cells incubated in the absence or presence of 5 mM glucose. Total AKT was utilized as a loading control (N = 6/group). Error bars represent standard error of the mean. ANOVA was performed. **B.** Western blot analysis of phosphorylated p38 and phosphorylated p42/44 (N = 4/group). Error bars represent standard error of the mean. ANOVA was performed. **C.** Myotubes were pretreated with 4 μM calcium green-1AM ± 30 μM BAPTA-AM. Calcium green fluorescence was assessed after 1 h in the presence or 5 mM glucose or 2 mM pyruvate and the presence or absence of 60 U/mL SOD (N = 12/group). Error bars represent standard error of the mean. ANOVA was performed.Fig. 7

Additional literature has shown that ROS can activate the MAPK pathway, specifically the p42/44MAPK (ERK1/2) pathway and the p38 MAPK pathway [@bib22]. Western blot analysis determined that phosphorylation of p42/44 and p38 protein was not affected by the presence or absence of glucose ([Fig. 7](#f0035){ref-type="fig"}B). This suggests the activation of the MAPK pathway is not glucose sensitive. It has also been suggested that ROS can activate calcium channels [@bib23]. In the presence or absence of glucose, as well as SOD, there was no significant change in calcium green fluorescence, indicating that superoxide-mediated tPMET does not activate calcium channels ([Fig. 7](#f0035){ref-type="fig"}C).

Because reactive oxygen species have been shown to activate the p70^S6k^ pathway [@bib24], we next determined if glucose increased the phosphorylation of p70^S6k^. There was a significant increase in the phosphorylation of p70^S6k^ with 5 mM glucose compared to 0 mM glucose ([Fig. 8](#f0040){ref-type="fig"}A). In addition, there was a positive correlation seen between increasing concentrations of glucose and increasing phosphorylation of p70^S6k^ (r = 0.57, p = 0.004). Previous literature has shown that sodium pyruvate can act as a peroxide scavenger [@bib25], raising the possibility that pyruvate could have directly interfered with effects of superoxide, by clearing peroxide after its formation from superoxide. However, when lactic acid was utilized to supplement the 0 mM glucose condition instead of pyruvate, there was still a significant suppression in phosphorylation of p70^S6k^ in the absence of glucose (data not shown). We need to acknowledge a potential role of differences in osmolarity in leading to the difference in p70^S6k^ phosphorylation in cells incubated in the presence of glucose (5 mM) or the absence of glucose (supplemented with 2 mM sodium pyruvate). However, against the background osmolarity of the HEPES-buffered saline, this difference in osmolarity for the glucose-containing and sodium pyruvate-containing solutions would be relatively minimal. Furthermore, p70^S6k^ phosphorylation was higher for the 4 mM glucose condition than in the matched osmolarity condition of 2 mM sodium pyruvate (0 mM glucose), suggesting that osmolarity does not explain the difference in p70^S6k^ phosphorylation.Fig. 8**Glucose-dependent phosphorylation of p70**^**S6k**^**requires NOX enzymes. A.** Cells incubated with increasing concentrations of glucose were utilized in western blot analysis of the phosphorylation of p70^S6k^ (N = 4/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs 5 mM glucose. Correlation analysis is shown by the scatterplot (r = 0.57, p = 0.004). **B.** Cells pretreated in 0 or 5 mM glucose as well as in the presence or absence of 20 μM DPI were used for western blot analysis of the phosphorylation of p70^S6k^ (N = 6/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs 5 mM glucose (-) DPI **C.** Cells incubated in the presence or absence of 50 mU/mL glucose oxidase were analyzed by western blot analysis of the phosphorylation of p70^S6k^. (N = 6/group). Error bars represent standard error of the mean. ANOVA was performed.Fig. 8

We next asked whether NADPH oxidases play a role in the increase in p70^S6k^ phosphorylation. Upon the addition of DPI, a NOX inhibitor, there was a significant decrease in phosphorylation of p70^S6k^, suggesting that ROS released by NOX enzymes mediate intracellular signaling ([Fig. 8](#f0040){ref-type="fig"}B). To verify that H~2~O~2~ can activate p70^S6k^, myotubes were treated with glucose oxidase, which generates H~2~O~2~. There was a trend toward an increase in phosphorylation of p70^S6k^ (p = 0.14) in cells exposed to glucose oxidase ([Fig. 8](#f0040){ref-type="fig"}C). However, upon the addition of extracellular SOD or catalase there was no suppression of phosphorylated p70^S6k^ ([Fig. 9](#f0045){ref-type="fig"}A-B). This indicates that extracellular superoxide or H~2~O~2~ are not responsible for the phosphorylation of p70^S6k^. Neither the membrane-permeable SOD mimetic MnTBAP nor the membrane-permeable radical scavenger TEMPOL affected glucose-dependent p70^S6k^ phosphorylation ([Fig. 9](#f0045){ref-type="fig"}C and D), suggesting that intracellular superoxide does not play a role in this process. The membrane-permeable H~2~O~2~ scavenger DMTU slightly, but not statistically significantly, suppressed p70^S6k^ phosphorylation ([Fig. 9](#f0045){ref-type="fig"}E). Given that extracellular H~2~O~2~ and superoxide did not affect p70^S6k^ phosphorylation, NOX-related reduction of extracellular WST-1 may serve as a marker for organellar NOX production of ROS, leading to an increase in p70^S6k^ phosphorylation potentially mediated by intracellular H~2~O~2~.Fig. 9**Extracellular superoxide and peroxide and intracellular superoxide do not play a role in phosphorylation of p70**^**S6k**^. Cells treated with and without 60 U/mL SOD (**A**), 100 U/mL catalase (**B**), 150 μM MnTBAP (**C**), 1 mM TEMPOL (**D**), or 5 mM DMTU (**E**), were analyzed for phosphorylated p70^S6k^. Total p70 was utilized as a loading control and used to quantify the western (N = 3/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs 5 mM glucose (-) enzyme.Fig. 9

Given that p70^S6k^ phosphorylation was responsive to glucose, we next asked whether glucose plays a role in p70^S6k^ phosphorylation stimulated by insulin. In the presence of insulin, there was a significant suppression in the phosphorylation of p70^S6k^ in the absence of glucose as well as a significant suppression in phosphorylation in the presence of both insulin and DPI ([Fig. 10](#f0050){ref-type="fig"}A and B). These findings suggest that p70^S6k^ phosphorylation is glucose-dependent in a process involving NOX under both basal and insulin-stimulated conditions.Fig. 10**Insulin-stimulated phosphorylation of p70**^**S6k**^**is dependent on glucose and NOX. A.** Cells treated with 2 mM pyruvate or 5 mM glucose with and without 5 nM insulin were analyzed for phosphorylated p70^S6k^. Total p70 was utilized as a loading control and used to quantity the western (N = 3/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs 5 mM glucose (-) insulin †p \< 0.05 vs 5 mM glucose (+) insulin. **B.** Cells treated with 2 mM pyruvate or 5 mM glucose with 5 nM insulin in the presence or absence of 20 µM DPI were analyzed for phosphorylated p70^S6k^. Total p70 was utilized as a loading control and used to quantity the western (N = 3/group). Error bars represent standard error of the mean. ANOVA was performed \*p \< 0.05 vs 5 mM glucose (-) DPI.Fig. 10

4. Discussion {#s0075}
=============

Previous literature has demonstrated that skeletal muscle is capable of tPMET [@bib11], but novel information provided by this study shows that the production of superoxide through tPMET is dependent on presence of extracellular glucose. Further, this glucose-sensitive process occurs through the PPP, rather than glycolysis. In this process, NADPH produced through the PPP is utilized by NOX1 to generate superoxide. Importantly, this study has also demonstrated glucose- and NOX-dependent phosphorylation of p70^S6k^ in the absence of changes in AKT phosphorylation, suggesting a novel mechanism for cellular glucose sensing.

Previous research has established glucose as a physiological signal that is sensed in multiple tissues [@bib26]. Pancreatic beta cells (β-cells), neurons, and hepatocytes are three cells types that have mechanisms of glucose sensing dependent on GLUT2-mediated glucose uptake followed by glucose phosphorylation [@bib27], [@bib28], [@bib29]. For example, pancreatic β-cells have a well-established mechanism for glucose sensing with a primary role in regulation of insulin secretion [@bib30]. Glucose is taken up into the cell through GLUT2, providing substrate for generation of ATP. This leads to inactivation of ATP-sensitive potassium channels and subsequent insulin secretion. Recently, an alternative pathway of insulin secretion has been elucidated in β-cells. In this new mechanism, intermediates from the TCA cycle are utilized to produce reduced glutathione [@bib31]. Glutathione reduces glutaredoxin, activating sentrin/SUMO-specific protease-1 (SENP-1) release of insulin. This production of glutathione may rely on mitochondrial generation of NADPH by isocitrate dehydrogenase. Notably, the current study implicates PPP-derived NADPH, as opposed to NADPH from mitochondrially-produced substrates, in glucose-sensing.

Glucose sensing can differ in neurons, which are found throughout the hypothalamus, where glucose can either activate neurons in high or low glucose concentrations [@bib32]. Glucose sensing in which neurons increase their firing rate in high glucose conditions is similar to that found in β-cells due to the same isoform of glucokinase located in the hypothalamus as well as co-localization of GLUT2 and glucokinase [@bib27], [@bib33]. When glucose concentrations are low, this can increase neuron firing by activating AMP-activated protein kinase (AMPK) which could then suppress cystic fibrosis trans-membrane regulator and affect the depolarization of the membrane [@bib32]. In the current study, AMPK phosphorylation did not vary as glucose concentration increased from 1 mM to 5 mM (data not shown), suggesting that the glucose-sensing described in the current study leading to P70^S6k^ phosphorylation does not involve AMPK.

While hepatocytes have been shown to be capable of glucose sensing, GLUT2 is not a contributing factor. Glucokinase is still a significant contributor to this process in conjunction with carbohydrate responsive element-binding protein (ChREBP), a transcription factor that is sensitive to glucose [@bib34]. When glucokinase was knocked down, there was a significant suppression in ChREBP mRNA and ChREBP expression was no longer stimulated at high concentrations of glucose. There was also a notable decrease in levels of xylulose 5-phosphate, which is a product of the PPP and has been shown to activate ChREBP. These findings suggest that glucose sensing in hepatocytes is dependent on generation of xylulose 5-phosphate by the PPP [@bib29], [@bib34]. The current study suggests that the PPP plays a role in glucose sensing by production of NADPH as opposed to the xylulose 5-phosphate that might underlie hepatocyte glucose sensing.

NADPH oxidases have been implicated in the glucose-sensing process in β-cells. Components of NOX enzymes have been isolated from the cytosol of β-cells and NOX1, 2 and 4 isoforms have been detected in β-cell membranes [@bib35]. When NOX enzymes in pancreatic islets cells were inhibited with DPI, there was a decrease in insulin secretion at higher levels of glucose [@bib36]. There was also suppression of GLUT2 and glucokinase expression after treatment with DPI. Due to this suppression of glucose-stimulated insulin increase and GLUT2 and glucokinase gene expression, it seems likely that NOX enzymes play a role in the glucose-sensing mechanism in β-cells.

The insulin signaling pathway, MAPK pathway, p70^S6k^ pathway, and calcium channels have all been shown to be activated by ROS [@bib22], [@bib23], [@bib24], [@bib37]. For example, in vascular smooth muscle cells, the addition of H~2~O~2~ significantly suppressed AKT activation and this activation was inhibited by catalase [@bib37]. AKT phosphorylation, as well as insulin receptor tyrosyl phosphorylation, was also shown to be reduced by NOX4 knockdown in 3T3-L1 adipocytes [@bib38]. Similar increases in phosphorylation of AKT were also seen in HepG2 cells that produce superoxide upon stimulation with NADH [@bib39]. This phosphorylation was inhibited after the addition of catalase and NAC. Taken together, these findings suggest that H~2~O~2~ can activate the insulin signaling pathway. While it is beyond the scope of this study to determine why the insulin signaling pathway, the MAPK pathway, and calcium channels were not responsive to glucose in the same way as p70^S6k^ phosphorylation, we speculate that this is dependent on both the localization and the abundance of the ROS signal, as has been proposed for differential responses to ROS in models of aging [@bib40].

The serine/threonine kinase p70^S6k^ is involved in many cellular functions including protein synthesis, cell growth and cell cycle progression, cell migration, cell survival, and regulation of insulin signaling [@bib41], [@bib42], [@bib43], [@bib44], [@bib45]. One of the primary roles of p70^S6k^ is to phosphorylate the 40 S ribosomal protein S6, and therefore, one of the leading functions of p70^S6k^ is to stimulate protein synthesis [@bib41]. This has been demonstrated through a dominant-interfering p70^S6k^ mutant that prevented the activation of p70^S6k^ as well as the translation of the 5′ terminal oligopyrimidine tract mRNA, which aids in translational regulation [@bib41]. This indicates that p70^S6k^ plays a direct role in translational control and protein synthesis. Our data suggest a novel glucose-sensing pathway linking nutrient availability to impact on the p70^S6k^ pathway.

In summary, we have demonstrated a glucose-sensing role of tPMET in skeletal muscle cells that is dependent upon the pentose phosphate pathway and NOX1. In addition, we have uncovered a novel NOX-dependent glucose sensing pathway for selective phosphorylation of p70^S6k^ without affecting AKT or MAPK. Further, insulin-stimulated phosphorylation of p70^S6k^ was dependent on both glucose and NOX. These findings suggest that muscle cells have a novel NOX-dependent pathway linking glucose-sensing to selective regulation of p70^S6k^, a key player in cell growth and proliferation.
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